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INTRODUCTION 

A fundamental unders tanding  of t h e  k i n e t i c s  of c o a l  g a s i f i c a t i o n  r e q u i r e s  t h e  
knowledge of t h e  r o l e  of ( a )  carbon a c t i v e  si tes,  (b)  i n h e r e n t l y  p r e s e n t  c a t a l y s t s  
and ( c )  d i f f u s i v i t y  of t h e  r e a c t a n t  g a s e s  w i t h i n  t h e  p o r e s  of t h e  ( u s u a l l y )  r a p i d l y  
d e v o l a t i l i z e d  char  (1). The p r e s s i n g  need f o r  d e s i g n  d a t a  f o r  t h e  new g e n e r a t i o n s  
of c o a l  g a s i f i c a t i o n  p r o c e s s e s  probably j u s t i f i e s  t h e  g r e a t  number of e s s e n t i a l l y  
e m p i r i c a l  k i n e t i c  s t u d i e s  t h a t  p r o v i d e  u s e f u l  c o r r e l a t i o n s ,  b u t  i n  which t h e  above 
f a c t o r s  a r e  lumped i n t o  o v e r a l l  e m p i r i c a l  parameters  (e .g . ,  r e a c t i v i t i e s )  which 
cannot  be  r e l a t e d  t o  measurable  p h y s i c a l  p r o p e r t i e s  of t h e  c h a r s .  The p r e d i c t i v e  
c a p a b i l i t i e s  of such c o r r e l a t i o n s  and t h e  p o s s i b i l i t y  of t h e i r  e x t r a p o l a t i o n  a r e  
u n c e r t a i n ,  a t  b e s t .  A p a r a l l e l  e f f o r t  i s  needed i n  o r d e r  t o  o b t a i n  more fundamental  
k i n e t i c  parameters .  

Many c o a l  r e s e a r c h e r s  have n o t  f u l l y  r e a l i z e d  t h e  r e l e v a n c e ,  t o  t h e  k i n e t i c s  

A r e c e n t  comprehensive 
of c o a l  g a s i f i c a t i o n ,  of s t u d i e s  performed on r e l a t i v e l y  p u r e  and h i g h l y  c r y s t a l l i n e  
materials such a s  g r a p h i t i z e d  carbon b l a c k s  and g r a p h i t e .  
review by Essenhigh ( 2 )  emphasizes  t h e  v a l u e  of t h e s e  s t u d i e s  i n  h e l p i n g  t o  under- 
s t a n d  c o a l  r e a c t i o n s .  The purpose of t h i s  paper  i s  t o  p r o v i d e  exper imenta l  ev idence  
f o r  t h e  u s e f u l n e s s  (and n e c e s s i t y  of a p p l i c a t i o n ! )  of t h e  concept  of a c t i v e  s i tes  
i n  unders tanding  t h e  g a s i f i c a t i o n  behavior  of  l i g n i t e  c h a r s .  

EXPERIMENTAL 

A North Dakota l i g n i t e  (3) w a s  p r e t r e a t e d  wi th  H C 1  and HF i n  o r d e r  t o  remove 
e s s e n t i a l l y  a l l  t h e  i n o r g a n i c  c o n s t i t u e n t s  (4) .  Chars  were prepared  by both  slow 
and r a p i d  p y r o l y s i s  i n  N2 (99.99% p u r i t y ) .  Slow p y r o l y s i s  (10 K/min) was performed 
i n  a convent iona l  h o r i z o n t a l - t u b e  f u r n a c e  a t  t empera tures  between 975 and 1475 K 
and r e s i d e n c e  (soak)  times up t o  1 h a t  f i n a l  temperature .  
( -  lo4  K / s )  was e f f e c t e d  i n  an en t ra ined- f low r e a c t o r  ( 5 , 6 )  a t  1275 K .  
dence t i m e  was v a r i e d  between 0 . 3  s and 5 min. The r e a c t i v i t y  of t h e  v a r i o u s  c h a r s  
and carbons  of i n c r e a s i n g  c r y s t a l l i n i t y ,  from Saran c h a r  t o  SP-1 g r a p h i t e ,  w a s  de- 
termined by i s o t h e r m a l  thermogravimet r ic  a n a l y s i s  (TGA) i n  0 .1  IQa a i r .  Weight 
changes were recorded  cont inuous ly  as a f u n c t i o n  of t ime.  The maximum s l o p e  of 
t h e  burn-off v s .  t i m e  p l o t  w a s  used as a measure of g a s i f i c a t i o n  r e a c t i v i t y .  
I n  a series of p r e l i m i n a r y  r u n s ,  d i s c u s s e d  i n  d e t a i l  e l sewhere  ( 6 ) ,  a p p r o p r i a t e  
r e a c t i o n  c o n d i t i o n s  w e r e  s e l e c t e d  t o  e l i m i n a t e  i n t e r p a r t i c l e  and i n t r a p a r t i c l e  h e a t  
and mass t r a n s f e r  l i m i t a t i o n s .  The r e p o r t e d  r a t e s  are ,  t h e r e f o r e ,  thought  t o  b e  
i n t r i n s i c ,  chemica l ly  c o n t r o l l e d  v a l u e s .  

Rapid p y r o l y s i s  
( The resi- 

Elemental  a n a l y s e s  were performed on t h e  c h a r s  i n  o r d e r  t o  de te rmine  t h e i r  
C / H  r a t i o s  and t h u s  t h e  e x t e n t  of t h e i r  d e v o l a t i l i z a t i o n .  
C O 2  a t  298 K was measured and micropore volumes were determined u s i n g  t h e  Dubinin- 
Radushkevich equat ion  ( 7 ) .  
a r e a )  was measured by oxygen chemisorp t ion  on t h e  c h a r s  a t  375 K and 0 . 1  ma a i r  
(6 ,8) .  

P h y s i c a l  a d s o r p t i o n  of 

The c o n c e n t r a t i o n  of carbon a c t i v e  si tes ( a c t i v e  s u r f a c e  

RESULTS 

Table  1 g i v e s  t h e  C/H r a t i o ,  micropore volume and oxygen chemisorp t ion  c a p a c i t y  
of  t h e  deminera l ized  (Dem) l i g n i t e  and s e l e c t e d  Dem-chars. Unless  o t h e r w i s e  noted  
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Table 1 

SELECTED PROPERTIES OF DEMINERALIZED LIGNITE AND CHARS 
PRODUCED UNDER DIFFERENT PYROLYSIS CONDITIONS 

C /H 

1 . 2  
3.8 R - 0 . 3  s 

R - 1 . 2  s 
R - 1.8 s 7 . 2  
R - 5 min 3 
S - O h d  5.8 
S - 30 min 
S - l h  1 
S - 1 h (975 K )  _ _  
S - 1 h (1475 K) _ _  

Sample (a tomic ,  d a f )  

b Dem-Coal 

_ _  

_ _  

Micropore Volume 
(cm3(STP) /g)  

a _ _  
93c 
98 

107 
104 

98 
_ _  
_ _  
-_ 
-- 

Oxygen Chemisorption 
Capac i ty  (wt% oxygen) 

-- 
7.2 
5.4 
4 . 3  
2 . 3  _ _  

_ _  
1.6  
3.4 
0 .72  

~~ 

aNot determined 

bR = rap id  p y r o l y s i s  

' A t  298 K (near  c r i t i c a l  t e m p e r a t u r e  f o r  CO2) t h e  d e n s i t y  of l i q u i d  CO2 i s  about  

d~ = slow p y r o l y s i s  

i n  parentheses ,  a l l  c h a r  samples  were prepared  a t  1275 K .  F igure  1 shows t h e  e f f e c t  
of p y r o l y s i s  r e s i d e n c e  t i m e  a t  1275 K on t h e  subsequent  r e a c t i v i t y  of t h e  c h a r .  
S i g n i f i c a n t  c h a r  d e a c t i v a t i o n  i s  observed w i t h  i n c r e a s i n g  p y r o l y s i s  s e v e r i t y .  A 
s i m i l a r  e f f e c t  i s  observed by i n c r e a s i n g  t h e  temperature  of p y r o l y s i s .  F igure  2 
shows t h e  Arrhenius  p l o t s  of r e a c t i v i t y  f o r  c h a r s  and carbons  of i n c r e a s i n g  p u r i t y  
and c r y s t a l l i n i t y .  The Saran c h a r  was prepared  by slow p y r o l y s i s  of Saran a t  
1 2 2 5  K f o r  3 h .  

1.0 g/cm3. Thus t h e  l i q u i d  volume i s  about  0 .2  cm3/g. 

DISCUSSION 

The deminera l ized  l i g n i t e  can  b e  cons idered  as t h e  most convenient  "model com- 
pound" f o r  s t u d y i n g  t h e  u n c a t a l y z e d  c o a l  char  g a s i f i c a t i o n  r e a c t i o n s  a t  a fundamental 
l e v e l .  I t  c o n t a i n s  about  2000 ppm of  i m p u r i t i e s ,  compared t o  about  8% i n  t h e  o r i -  
g i n a l  l i g n i t e .  This i s  s t i l l  a r e l a t i v e l y  h i g h  l e v e l  of p o t e n t i a l  c a t a l y s t s  when 
compared t o  carbons  of h i g h e r  p u r i t y  a l s o  used i n  t h i s  s tudy:  s p e c t r o s c o p i c a l l y  
pure  n a t u r a l  g r a p h i t e  (SP-1, Union Carb ide  Corp . ) ,  w i t h  < 6 ppm; g r a p h i t i z e d  carbon 
b l a c k  (V3G, Cabot Corp.) ,  w i t h  < 120 ppm; Saran c h a r  (Dow Chem. Co.) w i t h  < 100 ppm. 
However, most of t h e  remaining i n o r g a n i c s  are p r e s e n t  i n  t h e  form of r e l a t i v e l y  
p o o r l y  d ispersed  d i s c r e t e  m i n e r a l s  (such as c l a y s  and p y r i t e )  which a r e  n o t  thought 
t o  be  very e f f i c i e n t  i n  c a t a l y z i n g  c h a r  g a s i f i c a t i o n  i n  a i r  ( 9 ) .  

Even though t h e  weight  l o s s  d u r i n g  r a p i d  p y r o l y s i s  a t  1275 K i s  e s s e n t i a l l y  
complete  a f t e r  about  1 s (6), i t  i s  seen i n  Table  1 t h a t  t h e  e v o l u t i o n  of hydrogen 
i s  a r e l a t i v e l y  slow p r o c e s s .  There e x i s t s  a q u a l i t a t i v e  c o r r e l a t i o n  between t h e  
d e c r e a s e  i n  c h a r  r e a c t i v i t y  and t h e  i n c r e a s e  i n  C / H  r a t i o  of t h e  c h a r s .  It is a l s o  
seen  i n  Table 1 t h a t  t h e  micropore  volume of t h e  Dem-chars i s  r e l a t i v e l y  h i g h ,  of 
t h e  same order  of magni tude as f o r  t y p i c a l  carbonaceous a d s o r b e n t s  ( -  0 . 3  - 
0 . 4  cm3/g). 
oxygen chemisorpt ion c a p a c i t y ,  c a l c u l a t e d  from t h e  amount of CO and C 0 2  evolved 
upon t h e  decomposition of t h e  carbon-oxygen complexes, i s  seen t o  d e c r e a s e  by a 
f a c t o r  of about  t e n  wi th  i n c r e a s i n g  s e v e r i t y  of p y r o l y s i s .  

Accordingly,  t h e  t o t a l  s u r f a c e  a r e a  i s  a l s o  expected t o  be  h igh .  The 
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Table 2 summarizes and i n t e g r a t e s  the  r e a c t i v i t y  and s u r f a c e  c h a r a c t e r i z a t i o n  
r e s u l t s .  T o t a l  s u r f a c e  a r e a  (TSA) was c a l c u l a t e d  u s i n g  t h e  Polanyi-Dubinin approach 
(IO), by assuming t h a t  micropore volume is  approximately e q u a l  t o  t h e  monolayer 
c a p a c i t y .  I t  i s  concluded t h a t  i f  t h i s  i s  a measure of t h e  t r u e  t o t a l  s u r f a c e  a r e a ,  
then TSA i s  n o t  a r e l e v a n t  r e a c t i v i t y  parameter .  A d i f f e r e n c e  i n  observed r a t e s  
(per  u n i t  mass) of about  f i v e  o r d e r s  of magnitude (column 4 )  i s  reduced only  by 
about  two o r d e r s  of magnitude when TSA i s  taken  i n t o  account  (column 5 ) .  

Oxygen chemisorp t ion  c a p a c i t y  w a s  t ransformed i n t o  a c t i v e  s u r f a c e  a r e a  (ASA) 
by assuming t h a t  each  chemisorbed oxygen atom occupies  about  0.08 nm2 (11). The 
v a l u e s  a r e  given i n  column 3 of Table  2. 
i n  column 6.  It is seen t h a t  a d i f f e r e n c e  i n  observed r e a c t i v i t i e s  of Dem-chars 
of a f a c t o r  of twelve i s  reduced t o  w i t h i n  a f a c t o r  of t h r e e  when expressed  on t h i s  
b a s i s .  The v a l u e  of ASA f o r  t h e  Saran c h a r  was obta ined  under c o n d i t i o n s  s i m i l a r  
t o  t h o s e  used i n  t h i s  s tudy .  
575 K and 65 Pa 02, a l s o  i n  t h e  absence of g a s i f i c a t i o n .  
v a l u e  of oxygen c o n t e n t  t h u s  obta ined  i s  a l s o  a measure of ASA. For  SP-1 g r a p h i t e  
t h e  geometr ic  edge a r e a  was taken as  ASA. I t  i s  seen  t h a t  d i f f e r e n c e s  i n  observed 
r e a c t i v i t i e s  of about  f i v e  o r d e r s  of magnitude between t h e  most r e a c t i v e  Dem-char 
and t h e  least r e a c t i v e  SP-1 g r a p h i t e  a r e  reduced t o  w i t h i n  one o r d e r  of magnitude 
when t h e i r  ASAs a r e  taken i n t o  account .  The r e l a t i v e l y  smal l  d i f f e r e n c e s  i n  t h e  
rate c o n s t a n t s  i n  column 6 are a t t r i b u t e d  t o  t h e  e f f e c t s  of c a t a l y s i s .  It is seen 
t h a t  lower v a l u e s  a r e  c o n s i s t e n t l y  obta ined  f o r  c h a r s  (carbons)  of h i g h e r  p u r i t y .  
Also ,  i n  l i g n i t e  c h a r s  which have been s u b j e c t e d  t o  more s e v e r e  p y r o l y s i s  condi-  
t i o n s  t h e  d i s p e r s i o n  of t h e  i n h e r e n t  c a t a l y s t  (CaO) was shown t o  be  lower ( 6 ) .  
C a t a l y s i s  i s  expected t o  p l a y  a g r e a t e r  r o l e  i n  c h a r s  which have undergone m i l d e r  
h e a t  t rea tment .  This  is, indeed,  sugges ted  by t h e  r e l a t i v e l y  h i g h  r a t e  c o n s t a n t s  
of t h e  shor t - res idence- t ime and low-temperature c h a r s .  

Rate c o n s t a n t s  p e r  u n i t  ASA are g iven  

I n  t h e  c a s e  of V3G, chemisorp t ion  w a s  e f f e c t e d  a t  
I t  i s  assumed t h a t  t h e  

CONCLUSIONS 

The oxygen chemisorp t ion  c a p a c i t y  of deminera l ized  l i g n i t e  c h a r s  a t  375 K and , 0 .1  MPa a i r  g i v e s  a n  i n d i c a t i o n ,  a t  l e a s t  from a r e l a t i v e  s t a n d p o i n t ,  of t h e  con- 
c e n t r a t i o n  of carbon a c t i v e  si tes i n  them. I t  c e r t a i n l y  p r o v i d e s  a n  index of t h e i r  
g a s i f i c a t i o n  r e a c t i v i t y .  

3 c o a l  char  d e a c t i v a t i o n  w i t h  i n c r e a s i n g  s e v e r i t y  of p y r o l y s i s  c o n d i t i o n s  was t h u s  
c o r r e l a t e d  w i t h  a decrease  i n  a measurable  fundamental p r o p e r t y  of t h e  c h a r s :  c a r -  . bon a c t i v e  s u r f a c e  a r e a .  The importance of t h e  concept  of carbon a c t i v e  si tes i n  
g a s i f i c a t i o n  r e a c t i o n s  was a l s o  i l l u s t r a t e d  f o r  carbons  of i n c r e a s i n g  c r y s t a l l i n i t y  
from a Saran char  t o  SP-1 g r a p h i t e .  T o t a l  s u r f a c e  a r e a ,  as e s t i m a t e d  by t h e  
Polanyi-Dubinin approach,  was shown n o t  t o  be  a r e l e v a n t  r e a c t i v i t y  parameter .  

The commonly observed and h e r e t o f o r e  e m p i r i c a l l y  t r e a t e d  
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R700 R700 TSA ASA 

& 0 (g/g/h) jg/m2TSA/h)x103 

630 

7 30 

710 

665 

_ _  

__ 
1.224b 

206 

63b 

1.8 

225 

133 

73 

_ _  
50 

108 

2 5  

50b 

-_ 
< I b  

: 0.1 

1 . 8  

0 . 9 4  

0.30 

0.28 

0 . 2 5  

1 . 2  

0 . 1 5  

0 . 1 5  

0 .05  

-2x10-4c 

-2x10-5c 

2 . 9  

1 . 3  

0 . 4 2  

0 . 4 2  

__  
._ 

__ 
0 . 1 2  

0 . 2 4  

0.0032 

0.011 

5 . 0  

11 

6.0 

3 .O 

_ _  
> 0 .2  

, 0 . 2  

'Nor determined 

bData taken from Ref .  12  
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